We have successfully fabricated the first resonant magnetic nanostructures exhibiting a negative permeability in the midinfrared. These metal-dielectric structures exhibit local resonances based on metallic inductive-capacitive effects that are controlled by the dimensions of the individual nanostructures and are independent of the periodicity, which is much smaller than the resonance wavelengths. Compared to other commonly used structures for obtaining negative permeability in the microwave and THz regions which are based on a planar fabrication paradigm, this structure is oriented vertically so that the smallest features are controlled by deposition rather than by lithography.
I. INTRODUCTION
Double negative materials (DNM), or left-handed materials, are of intense current interest as a result of their unconventional optical properties 1 that promise enhanced linear and nonlinear optical effects.
2 A DNM has both a negative permittivity ͑͒ and a negative permeability ͑͒. While metals below the plasma frequency provide a negative permittivity, naturally occurring materials with negative permeability are not available. Composite electromagnetic materials with a structural scale much smaller than an electromagnetic wavelength can act as effective media with negative permeability.
The most widely investigated structure for establishing magnetic resonance and thus a negative permeability is the split ring resonator (SRR) proposed by Pendry et al. in 1999 . 3 The SRR consists of two concentric metal rings each with a gap facing towards the opposite directions. This antenna structure can be viewed as an equivalent inductorcapacitor ͑LC͒ tank circuit; the inductance is due to the loops while the capacitance is due to the gaps and the mutual coupling between the two loops. When a time-varying magnetic field penetrates the structure, currents are induced in the metal rings, the magnetic field generated by the current either opposes or adds to the external magnetic field; at frequencies just above the resonance, negative permeability can be realized. Since this initial proposal, many experiments have been reported at microwave frequencies. 4 There has been a strong interest in extending these magnetic resonance structures to higher frequencies to extend the domain of application. Recently, Yen et al. fabricated a SRR structure with a resonance around 1 THz. 5 They used conventional planar processing technologies with minimum features sizes in the range of ϳ1 m, defined by optical lithography. Using conventional technologies, it is difficult to scale this structure by the factors of ϳ100 to 1000 needed to shift the resonance to the infrared and optical spectral regions. In this article, we describe the fabrication and modeling of an array of nanostructures with a resonance in the mid-IR region (to 65 THz) and properties that are indicative of a negative effective permeability. This structure has a vertical configuration, the smallest features are defined by self-aligned deposition instead of lithography, so they are relatively easy to control at the ϳ1 nm level, and the processing steps are very robust and readily extended to large areas. To our knowledge, this is the first experimental work on negative permeability reported for the mid-IR.
The structure (schematic is shown in Fig. 1 ) consists of an array of upper open gold "staples" each with two footings, separated from a lower continuous gold layer by a dielectric layer of ZnS. The light is incident along the normal to the wafer (z direction in Fig. 1 ), and the polarization is defined as: TM(TE) for E(H) field along the x direction. Each staple is an LC circuit with the major part of the inductor associated with the loop of the staple and with capacitors formed between the top gold footings, the dielectric layer, and the bottom gold layer. In the simplest model, the inductance and the capacitance of the LC circuit can be written as L = 0 A = 0 WH and C = d c / t c , where A is the area of the loop, is the dielectric constant of ZnS, and the other parameters are labeled in Fig. 1 . However, due to the finite electron inertia of the metal at optical frequencies and edge effects of the structure geometry, both the inductance term and capacitance term cannot be simply expressed by analytical expressions. Still, the geometrical parameters qualitatively explain how resonance frequency changes; for example, when the footing size d c is increased, the capacitance increases, and the resonance frequency f =1/ ͱ LC decreases. The same reasoning also applies to the change of frequency due to a the change in the inductance.
As a result of the thick Au film (ӷIR skin depth), light can only be reflected or absorbed from the structure; there is no transmission across the IR. For analysis, it is simpler to model the transmission through the staple and its mirror image in the metal surface, as shown in the bottom panel of a)
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II. FABRICATION
The processing steps for the 1D samples are as follows. First, a ϳ100-nm thick layer of gold is evaporated onto a silicon wafer, followed by dielectric evaporation of a 80-nm thick layer of ZnS ͑n ϳ 2.26͒, which is transparent throughout the ϳ2-to 10-µm IR region. The Au layer forms a ground plane for the structure and the ZnS is the dielectric spacer for the capacitor. Next, a layer of Si 3 N 4 ͑n ϳ 1.7͒ is grown on the sample by plasma enhanced chemical vapor deposition (PECVD), followed by spun-on layers of a polymer bottom antireflection coating (BARC) and an I-line photoresist (PR). A large-area, 600-nm pitch, one-dimensional grating is fabricated by interferometric lithography (IL) using a 355-nm third-harmonic YAG laser source [Figs. 3(a) and 3(b)]. 6 The pattern is transferred into the Si 3 N 4 layer by reactive ion etching (RIE) using CHF 3 and O 2 gases and the residual PR and ARC are subsequently removed by plasma ashing with O 2 gas [ Fig. 3(c) ]. The etching is selective and leaves the ZnS layer untouched. Metal evaporation is carried out at an angle to deposit Au on the top and one sidewall of A second evaporation is then carried out from the other side to form the completed "staple" structure. Because the top of the staple structure receives two Au depositions, the thickness of the Au on the top is twice that on the sidewalls and footings. The angle of the metal evaporation along with the nitride dimensions controls the footing size, and hence the capacitance. The dimensions of the nitride pattern control the area of the loop and, thus, the inductance. For the 2D samples, the same procedures are followed up to Fig. 3(c) , which is repeated as Fig. 4(a) . A thick layer of ARC is then spun on the wafer to cover the Si 3 N 4 grating and planarize the surface. Then a layer of PR is added by spinning [ Fig. 4(b) ]. Another exposure is carried out to produce gratings perpendicular to the buried Si 3 N 4 gratings [ Fig. 4(c) ], followed by a metal evaporation at normal incidence [ Fig. 4(d)] . The wafer is then immersed in acetone to remove the PR, and a grating pattern is obtained in the metal. Using the metal grating as mask, RIE etching in an O 2 plasma is done to selectively etch away the thick ARC layer locally exposing the Si 3 N 4 gratings which are not etched in the O 2 plasma. Two evaporations of Au at an angle are carried out to form the staple structures [ Fig. 4(e) ]. The ARC layer is then removed by a high pressure, isotropic O 2 plasma ashing step [ Fig. 4(f) ]. Finally, the Si 3 N 4 gratings are removed by CF 4 plasma ashing leaving the 2D array of hollow staple nanostructures [ Fig. 4(g) ].
III. INFRARED REFLECTANCE CHARACTERIZATION
FTIR reflectance measurements were performed on these four samples for both TE and TM polarizations. Due to the anisotropy of the staple structure, we expect to optically couple to the resonant structure only when the magnetic field of the incoming light is perpendicular to the loop of the staple (TM polarization). The IR transmission is negligible due to the thick bottom metal, so the nanostructure optical properties are solely characterized by the resonance absorption. As expected, the TE measurements on all the samples did not show any structure [to avoid clutter in the figure, the TE reflectance is shown only for sample C in Fig. 5(top) ]. The TM measurements show reflectance dips that vary according to the sample geometrical dimensions directly confirming the existence of structure-dependent magnetic activity for these staple arrays. The strong resonance, with as much as 50% absorption in a single layer of nanostructures, suggests that very high fields are generated in the nanostructures that will be of interest for future nonlinear optics experiments. As shown in Fig. 5 (top) , sample A with the largest inductance and capacitance, has the lowest resonant frequency. Sample C has the same inductance as sample A but a smaller capacitance (smaller footing width dc), giving a higher frequency resonance (shorter wavelength). Sample D (and B) has the same capacitance as sample A and a lower inductance (shorter loop height, H), also giving a higher frequency resonance. Comparison between the 1D sample and 2D sample (samples B and D) with the same geometric parameters (not shown) was made; there is no significant difference either in the location of the resonance dip or on the depth of the resonance. Experimentally, samples B and D have relatively smaller reflection dips; the reason for this variation is under investigation. Table I ). The resonance frequency is a function of the nanostructure parameters and is independent of the array period, which is the same for all three structures. The resonance is observed only for TM polarization, i.e., incident magnetic field coupled into the inductive structure. The bottom panel shows the effective permeability extracted from the model for sample C.
IV. DISCUSSION
The simulation results for the three structures are shown in Fig. 5 (middle) . The simulation is based on the rigorous coupled wave analysis, or RCWA, which is commonly used for analysis of scattering of electromagnetic waves from periodic structures. 7 Bulk values of the wavelength dependence of the Au optical properties were used. 8 The modeling explains the experimental data well except that the width of absorption dip of the experimental data is somewhat larger than that of the model. Both nonideal material parameters (particularly electron scattering in the thin Au films) nonuniformity of the structures across the ϳ1-cm diameter measurement area can contribute to this observation.
To further investigate the strength of this magnetic activity, we extracted the effective permeability of sample C from the simulated results of the complex transmission and reflection coefficient of the equivalent LC circuit (Fig. 1,  bottom) . 9, 10 For a uniform layer of metamaterials with incident and outgoing media of air, the complex transmission and reflection coefficient are expressed as
͑2͒
where n and z are the refractive index and impedance of the metamaterial. By inverting Eqs.
(1) and (2), we can obtain n as a function of r and t, n = 1 kd cos
ͪ.
͑3͒
After n is evaluated, z is obtained from
Finally, the complex value of the effective permeability is eff = nz. As shown in Fig. 5 bottom, the real part of the permeability shows a strong modulation and is negative over a restricted frequency range; the imaginary part shows the complementary Lorentzian-type peak-features characteristic of a strong magnetic resonance. Extending the modeling (not shown) across a range of structure parameters suggests that these results can be extended to a more negative permeability by increasing the width W of the staple structures, i.e., increasing the fill factor.
In summary, nanostructured magnetic resonators have been fabricated with resonances in the mid-IR spectral region. The measured reflectivity shows a strong absorption dip in good agreement with the simulation results. The simulation shows strong magnetic response and indicates negative magnetic permeability over a limited frequency range. Combining this negative permeability structure with a negative permittivity structure, for example by segmenting the underlying Au film, will lead to metamaterials with negative refractivity in the IR suitable for transmissive as well as reflective measurements. Further work is underway to investigate the scaling of these structures to the near-IR and visible spectral regions.
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